


















Quantum Imaging with Incoherent Photons
C. Thiel,1 T. Bastin,2 J. Martin,2 E. Solano,3, 4 J. von Zanthier,1 and G. S. Agarwal5
1Institut fu¨r Optik, Information und Photonik, Universita¨t Erlangen-Nu¨rnberg, 91058 Erlangen, Germany
2Institut de Physique Nucle´aire, Atomique et de Spectroscopie,
Universite´ de Lie`ge au Sart Tilman, 4000 Lie`ge, Belgium
3Physics Department, ASC, and CeNS, Ludwig-Maximilians-Universita¨t, Theresienstrasse 37, 80333 Munich, Germany
4Seccio´n F´ısica, Departamento de Ciencias, Pontificia Universidad Cato´lica del Peru´, Apartado Postal 1761, Lima, Peru
5Department of Physics, Oklahoma State University, Stillwater, OK 74078-3072, USA
(Dated: January 8, 2007)
We propose a technique to obtain sub-wavelength resolution in quantum imaging with 100%
visibility using incoherent light. Our method requires neither path-entangled number states nor
multi-photon absorption. The scheme makes use of N photons spontaneously emitted by N atoms
and registered by N detectors. It is shown that for coincident detection at particular detector
positions a resolution of λ/N can be achieved with present technology.
PACS numbers: 42.50.St, 42.30.-d, 03.65.Ud, 42.50.Dv
In Young’s double slit experiment (or in a Mach-
Zehnder interferometer) the probability G(1)(r) to de-
tect a photon at position r results from the interfer-
ence of the two possible paths a single photon can take
to reach the detector. This is expressed by the state
|ψ(1)〉 = 1/√2 (|1〉U |0〉L + |0〉U |1〉L) where the subscript
L (U) denotes the lower (upper) arm of the interfer-
ometer. Variation of the detector position leads to a
modulation of the form G(1)(r) = 1 + cos δ(r), where
δ(r) = kd sin θ(r) is the optical phase difference of the
waves emanating from the two slits and k, d and θ(r)
are the wavenumber, slit separation and scattering an-
gle, respectively. Obviously, the fringe spacing of the
modulation (in units of d sin θ(r)) is determined by the
optical wavelength, in correspondence with the Rayleigh
criterion which restricts the pattern size of the interfering
beams to λ [1]. Quantum entanglement is able to bypass
the Rayleigh limit [2, 3, 4, 5, 6, 7, 8, 9]. Consider for
example the path-entangled two-photon state |ψ(2)〉 =
1/
√
2 (|2〉U |0〉L+|0〉U |2〉L). Because the two-photon state
|2〉 has twice the energy of the single photon state |1〉
in a given mode it accumulates phase two times as fast
when propagating through the setup. This gives rise to a
two photon absorption rate of the form G(2)(r, r) = 1 +
cos 2δ(r) exhibiting a fringe spacing half of that ofG(1)(r)
[2, 3]. Correspondingly, for the entangledN -photon state
|ψ(N)〉 = 1/√2 (|N〉U |0〉L+ |0〉U |N〉L) the N photon ab-
sorption rate reads G(N)(r, . . . , r) = 1 + cosNδ(r), dis-
playing a fringe spacing of λ/N [4]. This gain in reso-
lution by a factor of N with respect to G(1)(r) can be
fruitfully applied for a wide range of applications, e.g., in
microscopy [10], lithography [4, 5], spectroscopy [11] and
even magnetometry [12].
In order to implement the N -fold increase in resolu-
tion the following ingredients are needed: (a) creation of
an entangled state of the form |ψ(N)〉 with high photon
number N and (b) the availability of an N -particle ab-
sorbing medium able to detect N photons at a given po-
sition simultaneously. The two prerequisites are usually
in conflict with each other since multi-photon absorption
requires high input fields where a high flux of maximally
path-entangled number states is increasingly difficult to
realize for growing N .
In this letter we propose an entirely different scheme
to achieve a resolution of λ/N [13]. The method involves
neither of the above requirements. It employs N pho-
tons spontaneously emitted from N atoms and subse-
quently detected by N detectors. We demonstrate that
for certain detector positions r2, . . . , rN , the Nth order
correlation function as a function of r1 takes the form
1 + cosNδ(r1), resulting in a phase modulation with a
fringe spacing λ/N and a contrast of 100%. As with path-
entangled number states, this corresponds to an N -fold
increase in resolution compared to G(1)(r) while keep-
ing a contrast of 100%. However, as the N photons
are recorded by distinct analyzers, only a single photon
is registered at each detector. This means that no N -
photon absorbing material is needed in this scheme but
only ordinary one-photon detectors.
To understand this outcome in more detail let us con-
sider N identical two-level atoms excited by a single laser
pulse. After the spontaneous decay the N photons are
registered by N detectors at positions r1, . . . rN . For the
sake of simplicity let us consider coincident detection [14].
In that case the Nth order correlation function [15] can
be written (up to an insignificant prefactor) as [16]










Here n(ri) = ri/ri stands for the unit vector in the di-
rection of detector i, the sum is over all atom positions









FIG. 1: Atomic arrangement and detection scheme: N iden-
tical two-level atoms at R1, . . . ,RN spontaneously emit N
photons after excitation by a laser pulse. The photons
are recorded in the far field by N detectors positioned at
r1, . . . , rN . The figure exemplifies the case N = 4 (for addi-
tional symbols see text).
σ−α = |g〉α〈e| is the lowering operator of atom α for the
transition |e〉 → |g〉.
For all atoms initially prepared in the excited state |e〉,
we obtain from Eqs. (1) and (2)
G(N)(r1, ..., rN ) =
1
NN
|γ(r1, ..., rN )|2, (3)
where [27]
γ(r1, ..., rN ) =
N∑
ǫ1, . . . , ǫN = 1
ǫ1 6= . . . 6= ǫN
N∏
α=1
e−ik n(rǫα )·Rα . (4)
Equations (3) and (4) show that G(N)(r1, ..., rN ) results
from the interference of N ! terms, associated with all
possibilities to scatter N photons from N identical atoms
which are subsequently registered by N detectors.
To simplify further calculations let us consider the case
of N equidistant atoms. By choosing the origin of the
coordinate system in the center of the atomic chain, we
have
Rα = jαdu (5)
with u the unit vector along the chain axis, d the inter-
atomic spacing and jα = −(N − 1)/2, . . . , (N − 1)/2 for
α = 1, . . . , N (see Fig. 1). By defining
δ(ri) = kdn(ri) · u = kd sin θi (6)
where θi is the angle between n(ri) and the direction
normal to the atomic chain (see Fig. 1), we find














Here, j is the vector of the distances of the atoms from
the origin in units of d:
j = (j1, . . . , jN ) (8)
and
δ = (δ(r1), . . . , δ(rN )) . (9)
Due to the symmetry of the configuration, the function
G(N)(r1, . . . , rN ) contains N !/2 cosine terms, each oscil-
lating in general with a different spatial frequency. Obvi-
ously, the complexity of the expression rises rapidly with
the atom number N . However, if the N detectors were
placed in such a manner that all terms in Eq. (7) interfere
to give a single cosine, one would be left with a modula-
tion oscillating at a unique spatial frequency. This occurs
in the following case: for arbitrary even N and choosing
the detector positions such that
δ(r2) = −δ(r1) ,




δ(r4) = δ(r6) = . . . = δ(rN ) = −2pi
N
, (10)
the Nth order correlation function G(N) as a function of
detector position r1 reduces to
G(N)(r1) = AN [1 + cos(N δ(r1))], (11)
where AN is a constant which depends on N . For ar-
bitrary odd N , and choosing the detector positions such
that
δ(r2) = −δ(r1) ,




δ(r4) = δ(r6) = . . . = δ(rN−1) = − 2pi
N + 1
, (12)
the Nth order correlation function G(N) as a function of
r1 reduces to
G(N)(r1) = AN [1 + cos((N + 1) δ(r1))]. (13)
According to Eqs. (11) and (13), we obtain for any N
a correlation signal with a modulation of a single cosine,
displaying the same contrast and similar fringe spacing as
in the case of the maximally entangled N -photon state
|ψ(N)〉: for even N the fringe spacing corresponds to
λ/N , for odd N it corresponds to λ/(N + 1). Due to
limited detector sizes and the dipole emission pattern of
the spontaneously emitted photons only a subset of all
emitted photons will be recorded. However, in contrast
to |ψ(N)〉, we are able to avoid in this scheme both the
necessity to generate path-entangled Fock states and the
need to detect a small multi-photon absorption signal. As
3in our scheme the N photons are registered by N distinct
detectors, only a single photon is recorded at each detect-
ing device [17]. We emphasize that as the photons are
created by spontaneous emission the interference signal
is generated by incoherent light. We stress further that a
contrast of 100% proves the underlying quantum nature
of the process, i.e., the existence of non-local correlations
between the detected photons [18, 19]. The quantum cor-
relations are generated by the measurement process after
the detection of the first photon. In fact, just before the
detection of the Nth photon, the atomic system is in an
N -particle W -state with one excitation [20]. The non-
classical characteristics of our scheme are thus another
example of detection induced entanglement of initially
uncorrelated distant particles [19, 21, 22, 23, 24, 25, 26].
To exemplify our method, let us consider the sim-
plest situation, i.e., the case of N = 2 atoms. With




[1 + cos(δ(r1)− δ(r2))] . (14)
Obviously, the modulation of the G(2)(r1, r2)-function
depends on the relative position of the two detectors (see
Fig. 2): for δ(r2) = δ(r1) the second order correlation
function is a constant, whereas for fixed δ(r2) the two
photon coincidence as a function of δ(r1) exhibits the
same phase modulation and fringe spacing as G(1)(r) in
the Young’s double slit experiment. The increased pa-
rameter space available for the detector positions in case
of two detectors allows also to pick out the relative ori-




[1 + cos(2δ(r1))] , (15)
exhibiting a phase modulation as a function of r1 with
half the fringe spacing of G(1)(r) while keeping a con-
trast of 100% (see also [27]). This corresponds to the
fringe pattern achieved with the maximally entangled
two-photon state |ψ(2)〉.
Note that the assumed condition for the direction of
emission of the two photons, i.e., δ(r2) = −δ(r1), cor-
responds to a space-momentum correlation of the pho-
tons identical to the one present in spontaneous para-
metric down conversion (SPDC) [5, 6, 28]. This process
is presently widely used for producing entangled photon
pairs. Adding a beam splitter allows in addition to trans-
form the space-momentum entangled photon pair gener-
ated by SPDC into the maximally path-entangled two-
photon state |ψ(2)〉 [4, 29]. By using either correlated
states, i.e., space-momentum entangled photon pairs or
maximally path-entangled photon number states, sub-
wavelength resolution has been obtained recently in sev-
eral experiments, surpassing the Rayleigh limit by a fac-
tor of two [5], three [8] and four [7]. Extending these
schemes to states with higher numbers of entangled pho-
tons appears however to be difficult as the use of, e.g.,
FIG. 2: (Color online) Left (a) - (c): density plots of
G(2)(r1, r2) for two atoms versus δ(r1) and δ(r2); left (d):
density plot of G(4)(r1, r2, r3, r4) for four atoms versus δ(r1)
and δ(r2), with δ(r3) = pi/2 and δ(r4) = −pi/2. Right: cuts
through the density plots along the indicated lines, i.e., for (a)
δ(r2) = δ(r1), (b) δ(r2) = const and (c), (d) δ(r2) = −δ(r1).
a χ(N) nonlinearity or, alternatively, N − 1 nonlinear
χ(2) crystals in a cascaded arrangement results in very
low efficiencies, dropping rapidly with increasing N . By
contrast, our scheme can be extended to N > 2 atoms
straightforwardly in view of current single atom trapping
techniques [26, 30, 31]. The complexity to produce path-
entangled Fock states with high photon number N as well
as the necessity of an N -photon absorbing material can
thus be circumvented.
Let us next investigate the third order correlation func-
tion G(3)(r1, r2, r3) for three equidistant atoms. For ar-
bitrary detector positions r1, r2 and r3 we get from Eq.
(7):





cos(δ(r2)− δ(r3))]2 . (16)
By positioning the two detectors according to Eq. (12),




[1 + cos(4 δ(r1))] . (17)
Obviously, G(3) as a function of r1 exhibits a modula-
tion of a single cosine with a contrast of 100%, in this
case with a fringe spacing of λ/4. Similarly, one finds
4for G(4)(r1) in case of the detectors placed according to




[1 + cos(4 δ(r1))] . (18)
Let us finally compare our result with the modulation
of the far field intensity G(1)(r1) obtained in case of a
chain of N equidistant atoms. If each atom is initially
prepared in the state |φ〉 = 1√
2











(N − α) cos(αδ(r1))
]
. (19)
Equation (19) shows that (apart from an offset) G(1)(r1)
equals the outcome of the classical grating. As is well
known from this classical device, a term cos((N−1) δ(r1))
indeed appears in the intensity distribution, oscillating
in space with N − 1 times the modulation of the two
slit interference pattern. However, lower spatial frequen-
cies appear as well and contribute to G(1)(r1). From the
point of view of microscopy the resolution is determined
by the Rayleigh limit: an object can be resolved only if at
least two principal maxima of the diffraction pattern are
included in the image formation (Abbe’s theory of the
microscope [32]). According to this criterion the use of
G(1)(r1) for imaging theN atoms allows at best to resolve
an interatomic spacing equal to λ [32]. By contrast, the
use of the Nth order correlation function with N detec-
tors positioned according to Eq. (10) (or Eq. (12)) allows
to resolve an atom-atom separation as small as λ/N (or
λ/(N + 1)) [see Eqs. (11) or (13)].
In conclusion, we have shown that N photons of wave-
length λ spontaneously emitted by N atoms and coin-
cidentally recorded by N detectors at particular posi-
tions exhibit correlations and interference properties sim-
ilar to classical coherent light of wavelength λ/N . The
method requires neither initially entangled states nor
multi-photon absorption, only common single-photon de-
tectors. It can thus be implemented with present tech-
nology.
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